Published Hugoniot data for UO is in error, because the measuring techniques used did not resolve the strong multiple-wave shock-structures present. Hence calculations related to liquid metal, fast-breeder-reactor, excursion analyses based on extrapolations of that data are in serious error.
INTRODUCTION
The study of the properties of solid and molten uranium dioxide (U0_) is of considerable current interest in the field of liquid metal, fast-breeder-reactor, excursion analyses. A fundamental requirement is the determination of reliable shock-compressed pressure-volume data for full-density fuel material. These data are essential for the extrapolations that permit calculations of material behavior during the transition from a dense solid to a molten liquid. A reliable equation of state that includes these phenomena provides the necessary link between the coupled hydrodynamic and neutronlcs codes.
Conventional shock-velocity measurements on materials that exhibit strong elastic waves under shock compression, (i.e., U0_) are often erroneous in the low-pressure region. This is because the flash gap and biased electrical pin shock-velocity measurement techniques usually employed do not resolve the multiple-wave shock structures involved. Consequently, extrapolations based on such data are not valid.
Several shock-wave measurement techniques are capable of resolving multiple-wave shock structures up to about 50 GPa. Among these are the capacitor, manganin gage, inclined mirror, and inclined prism techniques. We used inclined prisms [l,2J to about 50 GPa to resolve the two-wave shock structure related to the Hugoniot elastic limit (HEL) of U0 . Experiments at plastic-wave velocities great enough to overdrive the elastic wave (50 to 150 GPa) were done with flash gap systems [3] (reverberations within the high velocity, explosively driven, flying plates used to obtain the high pressure made the use of inclined prisms inappropriate). Data from 150 to 330 GPa were obtained with a two-stage light-gas gun 0 .
In this investigation, we have applied a shock-wave measurement technique capable of resolving multiple-wave shock structures related to a strong elastic wave. Further, we have atterapted ;.o clarify Hugoniot parameters in a previously unreported transition region as well as in a regime of considerably higher pressure.
PROCEDURE
Brittle materials often exhibit multiple-wave shock structures during the compressive pulse. The initial wave may be an elastic wave that propagates roughly at the longitudinal speed of sound and compresses the material up to the plastic yield point (Hugoniot elastic limit). If a pressure-induced polymorphic transition occurs, the second wave brings the pressure in the material up to the point of transformation. The" transformation occurs in the third wave, which takes the material to the final state achieved in a given experiment. A number of experiments at different pressure levels serve to provide a locus of shock-velocity and particle-velocity points from which pressure-volume and energy-volume states may be derived.
UseVf inclined prisms to resolve multiple waves is not appropriate in experiments ''where compression is obtained through use of explosively driven flying plates (e.g., systems G-I, Table I ). This is because reverberations within the explosively driven flyer may launch additional extraneous waves into the sample and may cause error. Hence in this pressure regime, the flash-gap technique [3J. which is relatively insensitive to the flyer plate reverberations, was used. If the material transforms in this regime, the usual procedure is to identify the transition point through discontinuities in plots of shock-compression variables, e.g., shock velocity vs particle velocity.
In the experiments done on the gun. Compression parameters were determined through impedance matches that were centered on the Hugoniot for Ta [6j , with Ta particle velocity equal to one-half the projectile velocity. Total uncertainty in the measurements is estimated to be less than 1.5?.
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For multiple waves, stress and volume are given by
The particle velocity for the elastic wave was obtained from the free-surface approximation, i.e., 2 U = U" . For the experiments p 1 rs 1 done with inclined prisms, U was determined from the free-surface p 2 approximation and from impedance matching. The method used to obtain a graphical solution to an impedance match when multiple waves are present is shown in Fig. 2 .
MATERIALS
The high-purity samples of uranium dioxide (UO actually) used in these experiments were manufactured by the Nuclear Division of Union Carbide
Corporation.
The uranium was obtained as a precipitate from a uranyl nitrate solution.
The precipitate gel was calcined to U0_, after which the UO, was reduced to UO with hydrogen at about 675 K. The UO powder was then isostatically cold pressed at 100 MPa, followed by 3intering at 2075 K for 2 h. 
RESULTS
The results are summarized in Table II and displayed in Fig. 2 . The
Hugoniot elastic limit was found to be about 5.7 GPa. Linear relations between shock and particle velocities were found for two regimes. The low-pressure data can be described by U = 3.88 + 1.11 (U -0.3) for 0.3 s p < U < 1.05 km/s. At higher pressure, the plot displays a discontinuity for 1.05 U < 1.8 km/s. The final segments are described by U = 5.30 + P s
1.28 (U -1.8) for 1.8 < U < 1.0 km/s. P P
DISCUSSION
The results in Table II Table II that samples used for the high-pressure gun experiments were about 1% less dense but had drastically different elastic properties (C. =1.71 km/s).
In the u" 3 , U plot (Fig. 3) , the lins segment that represents the low-pressure regime does not extrapolate to bulk sound speed at U = 0 km/s, which is an indication of irregular behavior at low pressure. Good agreement between C, E..id U indicates that third-order elastic effects are L s,
probably not responsible. For normal materials in the low-pressure regime, -7-the particle velocity obtained from an impedance match with the plastic wave is very nearly equal to or slightly less (1%) than half the free-surface velocity,
i.e., U = U" /2. However, the data in Table II evidence of anomalous behavior in that regime.
At higher pressure, the plot displays a discontinuity for 1.1 < u < For 2.1 < U < 2.3 Ira/s, our data agree fairly well with those of Goplen [10] . In this regime, the elastic wave is overdriven so that flash gap results are valid. The discontinuities at 1.9 to 2.0 km/s probably mark the points where the phase transitional waves have been overdriven. The final part is described by U = 5.28 + 1.28 (U -1.8) km/s for a p 1.8 < U < H.O km/s. This portion does not extrapolate back to C B , the bulk sound speed at U = 0 , which provides additional evidence that at least one phase transition has occured. In this regime, both the elastic and phase transitional waves have been overdriven so that the curve may be validly extrapolated to higher values.
Our low-pressure results shown in Fig. 3 The electrical-shorting-pin technique used in their high explosively driven experiments was not capable of resolving two wave-shock structures.
Their recorded data indicate that the shock velocity measured in each case was
• vibably for the elastic wave. In no case does the recorded shock velocity exceed their ultrasonically measured longitudinal sound speed (5.147 km/s).
The elastic wave was evidently strong enough to trigger the shorting pins.
Needless to say, the particle velocity obtained from a single wave impedance match with the brass standard and the elastic wave is incorrect, because it does not account for the plastic wave. Inclined prism data; impedance match based on the free-surface velocity measurement of Cu.
U from impedance match.
Flash gap data; impedance match based on shock velocity measurement of brass.
Ta projectile velocity* impedance match based on 2 U = U . Figures   Fig. 1 . Schematic of projectile and target. The Ta shim, UO sample and outer conductors were at ground potential. The manganin foils and pin center conductors were biased to 150 V. Fig. 2 . Impedance-match solution in the pressure-particle velocity plane for a two-wave shock. Point A is determined from a measurement of the free-surface velocity of the Cu baseplate (its equation of state is well known). From the continuity of stress and particle velocity across the shock front it is known that the final (a, U ) state, point B, must lie somewhere along the shock reflection from point A.
Point B must be determined from a two-step solution as shown. Point C portrays the amplitude of the Hugoniot elastic limit. is the arrival time of the elastic wave at the sample surface; t_ is the arrival time of the main shock at the sample surface.
Free-surface velocities are related to the slopes of the wide traces. 
